Reticulons are a family of highly conserved proteins, localized in the endoplasmic reticulum (ER) and involved in different cellular functions, such as intracellular membrane trafficking, apoptosis and nuclear envelope formation. The reticulon protein family consists of four members, but their specific functions are presently poorly understood. RTN-1C overexpression triggers apoptosis, regulating ER stress versus DNA damage-induced cell death in a mutually exclusive way. The different RTN isoforms share a C-terminal reticulon homology domain containing two hydrophobic segments and a 66-amino acid hydrophilic loop. In the C-terminal region of RTN-1C, a unique consensus sequence (GAKRH) has recently been identified, showing 100% identity with the DNA-binding domain of histone H4. In this study, we show that this sequence is essential for RTN-1C-mediated apoptosis. It is noteworthy that the lysine 204 present in this region is post-translationally modified by acetylation and that this event is associated with a significant decrease in histone deacetylase activity and contributes to RTN-1C binding to DNA. These data demonstrate a molecular mechanism by which RTN-1C controls apoptosis and indicate this protein to be a novel potential target for cancer therapy.
Introduction
Reticulons are endoplasmic reticulum (ER) membrane proteins, originally identified as markers for neuroendocrine tumors (Roebroek et al., 1993) . The mammalian reticulon family of proteins consists of four members (RTN1, RTN2, RTN3 and RTN4); the specific functions of most of them are presently poorly understood, although RTN4 (also called Nogo) has been shown to be an inhibitor of axonal extension and neurite outgrowth (Gonzenbach and Schwab 2008) . RTN genes are expressed as multiple N-terminal isoforms that are generated by the use of different promoters or by alternative splicing events (Oertle et al., 2003) . The C-terminal reticulon domain is evolutionary conserved, whereas the specificity of the N-terminal region contributes to their interaction with a vast array of proteins, such as Bcl-XL and Bcl-2 to reduce their anti-apoptotic activity (Tagami et al., 2000) , AP50 and SNARE proteins to regulate endocytosis and exocytosis (Iwahashi and Hamada, 2003; Steiner et al., 2004) or BACE1 to decrease the production of b-amyloid (He et al., 2004) . Although reticulon genes are expressed in many tissues and are conserved in different phyla suggesting a basic function in cell physiology and a universal role in eukaryotic cells, some of them (RTN-1A, RTN-1C, Nogo-A and RTN-2) are preferentially expressed in nervous tissues (Huber et al., 2002) . Studies from different groups indicated that reticulon proteins are involved in different cellular events; in particular they show a proapoptotic function mediated by the induction of ER stress (Kuang et al., 2005; Di Sano et al., 2007) and also act as key regulators of ER morphology and nuclear envelope formation (Anderson and Hetzer, 2007) .
In our previous studies, we showed that the RTN-1C variant of the reticulon 1 gene has an important role in ER stress-induced cell death and modulates cellular sensitivity to different apoptotic pathways (ER stressmediated apoptosis and p53-dependent cell death) (Di Sano et al., 2007) . More recently, we found that RTN-1C overexpression is directly correlated to calreticulin exposure on the plasma membrane through a mechanism mediated by the depletion of ER Ca 2 þ store (Tufi et al., 2008) . This phenomenon has been shown to be important for the activation of anticancer immune response and cell death; in fact, the exposure of calreticulin has been correlated to immunogenic cell death after anthracycline and g-radiation in mouse models and is both necessary and sufficient to render conventional chemotherapies immunogenic (Obeid et al., 2007a (Obeid et al., , 2007b .
It is noteworthy that we found that the synthetic peptide corresponding to the C-terminal region (amino acids 179-208) of the human RTN-1C was able to bind and condense DNA. The C-terminus of RTN-1C is characterized by the presence of a H4 histone consensus motif (PS000047 HISTONE_H4) (GAKRH) (Melino et al., 2009) and the lysine present in this consensus sequence is one of the four residues that can be acetylated and modulates the H4 histone interaction with DNA (Shogren-Knaak et al., 2006) . Lysine acetylation is a reversible and highly regulated post-translational modification, initially discovered on histones, which is known to regulate diverse protein properties, including DNA-protein interaction, subcellular localization, transcriptional activity and protein stability (Kim et al., 2006) . Acetylation modifies the lysine residues of both histone and non-histone target proteins, such as p53, and is now recognized as an important regulatory step in gene transcription. Moreover, lysine acetylation and its regulatory enzymes (acetyltransferases HAT, and deacetylase (HDAC)) have been closely associated with many different diseases, such as cancer and neurodegenerative disorders (Carrozza et al., 2003; Blander and Guarente, 2004) , and with different cellular functions, including stress response and apoptosis (Brunet et al., 2004) . In particular, inhibition of HDACs results in growth arrest and apoptosis of cancer cells, suggesting that the epigenetic regulation of gene expression may be a fertile area for the development of anticancer strategies.
In this study, we demonstrated by mutagenesis and cellular studies that all three positively charged amino acids (KRH) in the H4 consensus motif are essential for RTN-1C-mediated apoptosis and that the function of this reticulon protein can be modulated in vivo by posttranslational acetylation on lysine 204, showing a direct correlation between RTN-1C acetylation and histone HAT/HDAC activities. Moreover, the data reported in this study show that the RTN-1C protein binds to DNA and that this ability is regulated by acetylation process.
Results
Our previous study showed that RTN-1C overexpression triggers ER stress-induced apoptosis through the depletion of ER Ca 2 þ stores in human neuroblastoma cells and regulates ER stress versus DNA damageinduced cell death in a mutually exclusive way (Di Sano et al., 2007) .
To clarify the molecular mechanism(s) by which RTN-1C mediates different cellular responses, we investigated the biological role of the H4 histone consensus motif (Melino et al., 2009) in reticulon-1C proapoptotic function (Figure 1a) . Through site-directed mutagenesis, we obtained three different mutants in which the single positively charged amino acids in sequence have been substituted with a neutral residue (alanine). The cDNA of the wild-type RTN-1C, as well as the mutated versions, or a nonrelated mutant control, has been cloned and used for transient transfection experiments in an SK-MEL110 melanoma cell line, which has an undetec- (Figure 1b) . Subsequently, we verified that RTN-1C overexpression resulted in ER stress response (upregulation of Grp78 chaperone) (Figure 1c ), leading to apoptosis (Figures 1d, e and f) , as previously observed in SH-SY5Y neuroblastoma cells (Di Sano et al., 2007) .
We tested the effect of the three different mutations on the ability of RTN-1C to induce cell death. Notably, our data indicated that the mutagenesis of RTN-1C decreased its proapoptotic function and this effect was particularly evident for the mutant K204A ( Figures  2a and b) . To verify whether the amino-acid substitutions might affect reticulon ER retention, we analysed the subcellular localization of GFP-RTN-1C wild type and mutant isoforms in SK-MEL110 melanoma cells. We found that all mutant proteins showed an ER membrane localization (Figure 2c ) similar to that of the wild-type RTN-1C isoform, indicating that their reduced capability to induce cell death is not the consequence of a different cellular localization. These data are also in line with recent findings showing that the two hydrophobic segments (which do not include the KRH motif) of the RTN1 family determine ER localization and contribute to ER retention (Iwahashi et al., 2007) .
Histone H4 can be acetylated on lysine 5, 8, 12 and 16 (Puig et al., 1988) . In particular, lysine 16, located in a very basic region in the N-terminus of histone H4 (amino acids 14-18), has been shown to be important for DNA binding and activation of chromatin (Thorne et al., 1990) . As this region includes the KRH domain identical to that found in RTN1, we wondered whether RTN-1C might be modified by acetylation. Acetylation is extremely specific as it occurs in particular e-amino groups of lysines; thus, we analysed by mono-and twodimensional electrophoresis, followed by immunoblotting, the presence of N-e-acetylate residues in the RTN-1C protein. Towards this aim, we used the previously developed tetracycline-inducible SH-SY5Y RTNÀ1C human neuroblastoma cell line stably expressing tetracyclineinducible RTN-1C and a control cell line expressing the regulator vector alone (SH-SY5Y Tet12 ) (Di Sano et al., 2007) . After the addition of tetracycline, SH-SY5Y RTNÀ1C cells overexpress RTN-1C ( Figure 3a) ; when the same samples were immunoblotted with an anti-Ac-lysine antibody, a positive band migrating at the same molecular weight of RTN-1C was revealed (Figure 3b ). These data were confirmed by performing bi-dimensional electrophoresis studies and immunoprecipitation experiments (Figure 3c and 3d, respectively).
Taken together, these results showed for the first time that RTN-1C is post-translationally modified by acetylation in eukaryotic cells, providing the first evidence for its potential functional regulation in vivo.
As described above, the substitution of lysine 204 in the KRH motif strongly affected the proapoptotic function of RTN-1C (Figures 2a and b) . Thus, we wondered whether this residue was directly acetylated and involved in reticulon 1C functional modification. Neuroblastoma SH-SY5Y cells, expressing low levels of RTN-1C, were transfected with a vector carrying the wt or the K204A mutant cDNA of the human reticulon protein and were subsequently analysed by western blot for RTN-1C expression and lysine acetylation. We found that the substitution of lysine 204 resulted in a drastic decrease in Ac-lysine staining (Figure 4a ), suggesting that the transfected mutated isoform of We next decided to study the effects of a potent inhibitor of acetyltransferases activity (anacardic acid, AA) on RTN-1C acetylation (Eliseeva et al., 2007) . 
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Immunoblotting analysis showed that cellular treatment with 15 mM AA produced a dramatic decrease in the acetylation of RTN-1C, as well as of histone H4, in both SH-SY5Y (Figures 4c and d) and SK-MEL110 cells (see Supplementary Figure 1) .
Inhibition of HDACs is strictly correlated to cell cycle arrest and apoptosis (Marks et al., 2004) . Considering that RTN-1C overexpression induces apoptotic cell death (Di Sano et al., 2007) and in vitro studies suggested a putative inhibitory effect of the C-terminal region of the reticulon protein on HDAC activity (Melino et al., 2009) , we examined whether HDAC activity could be affected in RTN-1C-overexpressing cells. To test this hypothesis, a deacetylation assay, which measures the level of deacetylation of a synthetic peptide substrate, was used. SH-SY5Y 
SH-SY5Y
tet12 cell extracts were analysed for HDAC activity and data were compared with the effect elicited by a well-known specific inhibitor of HDAC (trichostatin A, TSA) (Lin et al., 2006) . According to our previous results, we found that when RTN-1C was overexpressed, levels of substrate deacetylation were significantly decreased (Figure 5a ). We excluded that the modulation of HDAC activity by RTN-1C was the consequence of apoptosis induced by this protein, as in SH-SY5Y cells treated with drugs acting on different cell death pathways we did not observe any difference in HDAC activity (see Supplementary Figure 2) .
To show that induction of ER stress by Ac-RTN-1C occurs through the inhibition of HDAC activity, we decided to analyse the level of deacetylase activity in RTN-1C wt and K204A mutant melanoma transfected cells. These results not only confirmed previous data on neuroblastoma cells (Figure 5a ) but also showed that acetylation of the RTN-1C protein is essentially for HDAC inhibition (Figure 5b) . Interestingly, the inhibition of HDAC activity was indirectly confirmed by the fact that in reticulon-1C-overexpressing cells, histone H4 was present in its hyperacetylated form (Figure 5c ).
Finally, we demonstrated an additional link between RTN-1C acetylation and HDAC activity by using the specific deacetylase inhibitor, TSA. As shown in Figure 5d , treatment of SH-SY5Y cells with TSA led to a time-dependent increase in reticulon protein and histone H4 acetylation, despite the fact that the total amount of RTN-1C was not affected.
We have previously shown that the RTN-1C sitespecific mutagenesis of lysine 204 resulted in a complete loss of its proapoptotic function (Figures 2a and b) and we also showed that the reticulon protein is posttranslationally modified by an acetyl group on the same residue (Figures 4a and b) . These findings suggest that RTN-1C acetylation represents a key event in the mechanism of cell death induction. To confirm this hypothesis, we analysed in SH-SY5Y RTNÀ1C cells the level of the ER stress response gene, Grp78, which is upregulated during RTN-1C-mediated apoptosis (Di Sano et al., 2007) , in the presence of AA, which inhibits reticulon acetylation. Interestingly, we found that the hypo-acetylated RTN-1C protein is no more able to induce an ER stress response (Figure 5e ). The functional link between RTN-1C proapoptotic function and HDAC activity was also confirmed by the fact that the specific decrease in acetyltransferases activity, using specific inhibitors such as TSA or suberoylanilide hydroxamic acid, is able to trigger apoptosis through the induction of ER stress as highlighted by Grp-78 accumulation (Figure 5f ). 
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The identity of the motif GAKRH between RTN-1C and histone H4, together with recent reports indicating that many nuclear envelope proteins dispersed in the ER possess DNA-binding activity (Ulbert et al., 2006) , prompted us to investigate the possibility that reticulon may act as a DNA-binding protein. This hypothesis is supported by the fact that the ER and nuclear envelope are physically connected and reticulons might be displaced and recruited to NE sheets during mitosis targeting the ER to chromosomes.
To evaluate the possibility that reticulon protein could interact with nucleic acid, we carried out a DNA-binding assay on SH-SY5Y cells using cellulose beads conjugated to double-stranded (ds) or singlestranded (ss) DNA (see Materials and methods). Although histone H1o/H5 is pulled down by ss- Figure 6a , the deacetylated RTN-1C can be pulled down by both ss-and ds-DNA beads, indicating that the acetylation of RTN-1C masks an intrinsic affinity for DNA. Although acetylation could also modulate RNAbinding activities (Babic et al., 2004) , this effect cannot be observed for RTN-1C indicating the DNA-binding specificity (Figure 6b ).
Discussion
Several studies have shown the proapoptotic function of reticulon proteins (Pinton et al., 2001; Di Sano et al., 2007) and in particular, our previous results clearly indicated RTN-1C as a novel regulator of ER stress versus genotoxic-mediated cell death (Di Sano et al., 2007) ; nevertheless, the molecular mechanism by which this reticulon family member orchestrates different cellular responses was still poorly understood. Towards this aim, we investigated the role of the recently identified five-amino acid motif (GAKRH) (Melino et al., 2009 ) on RTN-1C proapoptotic function. We showed that a change in positive charge in the identified motif, in particular the substitution of lysine 204, resulted in specific loss of reticulon function. The identification of a region with a specific function in the RTN-1C protein is particularly interesting, considering the fact that, despite their implication in many biological processes, reticulon biochemical features are not well understood.
Acetylation regulates several cellular processes and, besides the well-established role of reversible histone acetylation in chromatin modifications and gene expression, several non-histone proteins were found to be regulated by acetylation (Lin et al., 2006) . Modification of proteins by histone acetyltransferases or HDACs has an important role in the control of gene expression, and their dysregulation has been linked to malignant transformation and other diseases (Carrozza et al., 2003) . These enzymes are nowadays considered to be among the best potential targets for anti-neoplastic therapy (Lin et al., 2006) . Histone acetylases catalyse the transfer of acetyl groups to NH2-terminal lysine residues in histones and in several non-histone proteins, such as p53, ataxia-telangiectasia mutant, heat shock protein 90 and a-tubulin (Eliseeva et al., 2007) . The acetylation status of these proteins is closely related to their functions. For example, acetylation of lysine at the COOH terminus of the p53 tumor suppressor protein by p300/cAMP-responsive element-binding protein (CBP) and by CBP-associated factor (PCAF) is linked to its ability to regulate cell cycle arrest and apoptosis, as well as to its stability and subcellular localization (Gu and Roeder, 1997; Liu et al., 1999; Luo et al., 2000; Kawaguchi et al., 2006) . In line with these findings, we showed that RTN-1C is post-translationally modified by acetylation at lysine 204 and that this event is strictly correlated to its proapoptotic function. In fact, the substitution of this acetylation site (lys 204), as well the inhibition of acetyl transferase activity, resulted in a complete loss of its ability to induce ER-mediated cell death in melanoma cell line. These results represent the first evidence indicating that the biological function of reticulon proteins could be modulated by a posttranslational modification.
The different reticulon expression patterns between tumor cells and noncancerous tissues suggest the possibility of designing new anticancer therapies. In fact, the epigenetic regulation of gene transcription has recently attracted large interest in the field of cancer, especially because several genes implicated in oncogenesis are regulated by acetylation and deacetylation (Glozak and Seto, 2007) . These enzymatic modifications are controlled by histone acetyltransferases and HDACs; the latter are recognized as one of the most promising targets for cancer treatment and many HDAC inhibitors are currently in clinical trials (Marks et al., 2004; Lin et al., 2006) . It is noteworthy that RTN-1C-mediated apoptosis is coupled to a significant inhibition of HDAC activity, which is not a consequence of cell death induction, as this change precedes RTN-1C-mediated apoptosis. In this context, the RTN-1C anti-proliferative effect may partially be explained by its ability to inhibit deacetylase activity, supporting the notion that the specific targeting of HDACs could be highly beneficial in the treatment of cancer.
Reticulons have been recently identified as proteins showing a peculiar and almost exclusive localization to the tubular ER (Voeltz et al., 2006) . Moreover, they contain a domain of B200 amino acids (RHD), including two hydrophobic segments of unusual length (30-35 residues), which are thought to form a hairpin in the membrane of the ER (Voeltz et al., 2006) . These structural properties, together with the ability of reticulons to oligomerize, allow these proteins to generate and/or stabilize tubules in vitro and to have a key role in the mechanism by which the tubular network of the ER is generated and maintained (Voeltz et al., 2006) . It has also been shown that reticulon proteins are deeply involved in nuclear envelope formation during mitosis in metazoans by a chromatin-mediated reorganization of the tubular ER (Anderson and Hetzer, 2007) . In fact, it has been suggested that levels of reticulons directly affect the balance between tubules and sheets in the ER and contribute to nuclear envelope formation (Anderson and Hetzer, 2007) . However, how the ER membranes interact with the chromatin as well as the specific contribution of reticulons remains to be determined. Several studies reported that some DNAbinding proteins localize in the ER and exert their functions after nuclear translocation (Yoshida et al., 2000) . Most of them are transcription factors involved in unfolded protein response, such as ATF6 (Yoshida et al., 2000) . Moreover, it has been suggested that DNAbinding proteins in the ER are involved in nuclear envelope formation (Anderson and Hetzer, 2007) . In this study, we showed that ER-resident reticulon protein-1C has an intrinsic affinity for ss-and ds-DNA, which is regulated by its acetylation status. Thus, the motif GAKRH between RTN-1C and histone H4 allows not only reticulon post-translational modification by acetylation but also its ability to bind DNA.
In conclusion, this study shows that the RTN-1C protein binds to DNA and that its biological function is regulated by acetylation and is coupled to the inhibition of HDAC activity. Considering the critical role of lysine acetylation in regulating diverse cellular functions, such as cancer development and human brain disorders (Carrozza et al., 2003; Lin et al., 2006) , HDAC substrates could represent candidate proteins relevant to human disease and therapeutic targets for drug design. In this context, our data indicate that RTN-1C is not only an important candidate for the development of new epigenetic therapy strategies, but is also a novel protein with affinity for DNA, which could regulate the interaction between the ER membranes and chromatin.
Materials and methods
Cell culture and reagents SH-SY5Y human neuroblastoma, derived clones (SH-SH5H
Tet12
and SH-SH5H
RTNÀ1C
) and SK-MEL110 melanoma cell lines were grown in Ham's F12 (Life Technologies Ltd., Paisley, UK) or in a 1:1 mixture of Dulbecco's modified Eagle's medium (Life Technologies Ltd.) respectively, supplemented with 10% fetal bovine serum (Life Technologies Ltd.) (culture medium) in a humidified atmosphere of 5% CO2 in air. Tunicamycin, cisplatin (Sigma Chemical Co., St Louis, MO, USA) and suberoylanilide hydroxamic acid (Cayman Chemical, Ann Arbor, MI, USA) were added to cultures in dimethyl sulfoxide. TSA and AA (Sigma Chemical Co.) were added to cultures in ethanol.
RTN-1C expression vectors and transfection
The full length of human RTN-1C was obtained from a cDNA human brain library by PCR amplification using specific primers. Fragments were cloned into BamHI-HindIII sites of pCDNA 3.1 Zeo( þ ) or pEGFP-C1 vectors (Clontech, Mountain View, CA, USA). SK-MEL110 melanoma cells or SH-SY5Y neuroblastoma cells (80% confluent) were transiently transfected by lipofection according to manufacturer's specifications (Lipofectamine 2000 Trasfection Reagent, Invitrogen, Carisbad, CA, USA).
Site-specific mutagenesis RTN-1C site-directed mutagenesis was performed using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) according to manufacturer's specifications. The different RTN-1C mutants (K204, R205, H206 or a nonrelated mutant control) were obtained by a single aminoacid substitution (amino acids 204, 205, 206) with an alanine residue by PCR using specific primers:
Control 5 Western blot analysis For western blot analysis, cells were lysed in RIPA buffer and different amounts of total protein were separated by electrophoresis through SDS-polyacrylamide gel electrophoresis (PAGE) gels and blotted into nitrocellulose. Mouse anti-RTN-1C (Abcam, Cambridge, UK) was used diluted 1:1000. Rabbit anti-acetyl histone H4 (Santa Cruz, Santa Cruz, CA, USA) was used diluted 1:1000. Mouse anti-acetyl lysine (Santa Cruz) and anti-vinculin (Sigma Chemical Co.) were used diluted 1:1000. Rabbit anti-HuD (Santa Cruz) was used diluted 1:1000. Mouse anti-histone H1o/H5 (Upstate, New York, NY, USA) was used at a 2 mg/ml concentration. Mouse anti-b-tubulin (Sigma Chemical Co.) diluted 1:1000 was used as loading control.
Cell death assay and apoptosis evaluation TUNEL assay was carried out using the in situ Cell Death Detection Kit TMR red (Roche, Nutley, NJ, USA), according to manufacturer's specifications, and nuclei were stained with Hoechst 33342 (Sigma Chemical Co.). Cells were analysed under a Zeiss (Zeiss, Novara, NO, Italy) LSM 510 microscope. Apoptosis was monitored by the TUNEL assay carried out the in situ Cell Death Detection Kit TMR red (Roche), according to manufacturer's specifications, or staining with propidium iodide before analysis by flow cytometry using a FACScan Flow Cytometer (Becton-Dickinson, CA, USA).
Fluorescence microscopy Cells were fixed with 4% paraformaldehyde in phosphatebuffered saline (PBS) for 15 min. After permeabilization with 0.1% Triton X-100 in PBS for 10 min, the cells were blocked with 10% fetal bovine serum in PBS 0.1% Triton X-100. We used an anti-calreticulin monoclonal antibody (Stressgene, Victoria, Canada) diluted 1:500 and an anti-mouse secondary antibody (Alexa, Molecular Probes, Eugene, OR, USA). Cell nuclei were stained with Hoechst (Molecular Probes) and examined with an image workstation DeltaVision (Applied Precision, Washington, WA, USA) Olympus (Olympus, Southend on sea, Essex, UK) 1X70 microscope.
Two-dimensional gel electrophoresis Two-dimensional gel electrophoresis was carried out using the ZOOM IPGRunner System (Invitrogen), according to manufacturer's specifications. Cells were lysed in a sample rehydration buffer (8 M urea, 2% CHAPS, 0.5% (v/v) ZOOM (Carrier Ampholytes) and 0.002% bromophenol blue). After isoelectric focusing, performed using ZOOM Strips with a 3-10 pH gradient, proteins were separated by SDS-PAGE using NuPAGE Novex Bis-Tris ZOOM gels and were visualized by immunoblotting.
HDAC colorimetric assay
Histone deacetylase activity assay was carried out using the Histone Deacetylase Colorimetric assay kit (Alexis, New York, NY, USA), according to manufacturer's specifications. Total cellular extracts of 100 mg were incubated with a colorimetric substrate at 37 1C for 1 h. The reaction was stopped with a lysine developer and the plate was incubated at 37 1C for 30 min. Samples were analysed using an ELISA plate reader at 405 nm. HDAC activity was expressed as the relative optical density value per microgram of protein sample.
Immunoprecipitation
Cells were washed twice with PBS and scraped into a RIPA assay buffer (150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl (pH 7.5)) with freshly added protease inhibitors. After incubation for 30 min on ice and a brief sonication, the lysate was centrifuged at 14 000 rpm for 10 min at 4 1C to remove insoluble cell debris. The anti-RTN-1C antibody was coupled with Dynabeads protein G (Dynal, Oslo, Norway) according to the manufacturer's instructions. Equal amounts of cellular protein were incubated for 2 h with antibody-linked beads at 4 1C with continuous rocking. After washing in PBS buffer, the beads were boiled in SDS buffer, samples were resolved by SDS-PAGE and analysed by immunoblotting.
Ribonucleotide homopolymers-binding assay Binding of proteins to RNA homopolymers was carried out as described (Swanson and Dreyfuss, 1988) with the following modifications: 25 ml of poly(A), poly(U), poly(C) and poly(G) conjugated to agarose or sepharose beads (Sigma Chemical Co., resuspended at 1 mg/ml) were washed thrice with binding buffer (10 mM Tris pH ¼ 7.4, 2.5 mM MgCl 2 , 150 mM NaCl, 0.5% Triton X-100). The binding reaction was carried out with 500 mg of SH-SY5Y cell lysate in the buffer described above for 30 min at 4 1C. The beads were washed three times in binding buffer before resuspension in Laemmli buffer. Bound proteins were then eluted by boiling, resolved on an SDS-PAGE and visualized by immunoblotting.
DNA-binding assay
The DNA-binding assay was carried out as previously described (Gupta and Meek, 2005) . A volume of 100 ml of deoxyribonucleic acid-cellulose double-stranded from calf thymus DNA or deoxyribonucleic acid-cellulose singlestranded from calf thymus DNA (Sigma Chemical Co., resuspended at 10 mg/ml) was washed three times with binding buffer (25 mM HEPES pH ¼ 7.9, 50 mM KCl, 150 mM NaCl, 10 mM MgCl 2 , 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol). The washed beads were then incubated with 500 mg of SH-SY5Y cell lysate in the binding buffer for 1 h at 4 1C. The beads were washed three times before resuspension in Laemmli buffer.
Bound proteins were eluted by heating for 5 min at 70 1C, resolved on an SDS-PAGE and detected by immunoblotting.
Abbreviations
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